Abstract-This paper is concerned with capacities of directsequence (DS) code-division multiple-access (CDMA) systems accommodating multiclass services with different transmission rates and bit error rates (BER's). The capacities are expressed by inequalities to which the number of accepted calls of each class should conform. Those inequalities are necessary and sufficient conditions satisfying the requirement of the bit energy-tointerference power spectral density ratio. The optimal received power is derived to cause the least interference to other signals while maintaining the acceptable bit energy-to-interference power spectral density ratio. It is shown that if the maximally receivable power of a call of each class is identical in the multicode system and the single-code system using a variable processing gain, the capacities of both systems are also identical in nonfading channels. However, in multipath fading channels, the multicode system is shown to be better than the single-code system in terms of capacity. Capacity is also derived in a dynamic multiple-cell environment.
I. INTRODUCTION

F
UTURE wireless systems such as FPLMTS/IMT-2000 [1] , [2] and UMTS [3] are required to support multirate services (voice, video, data, etc.) with different quality of services (QoS's) [bit error rate (BER), delay, etc.]. Code division multiple access (CDMA) is a promising technique to comply with the above requirements [4] - [6] . It has many attractive features such as high-spectrum efficiency, soft handover, soft capacity, and low-frequency reuse factor [7] , [8] .
Two approaches have been proposed for supporting multirate services in direct-sequence (DS)-CDMA systems [4] , [9] . One is a single-code transmission scheme using a variable processing gain which is defined as the ratio of chip rate to user information bit rate [10] . With the single-code transmission scheme, each user terminal transmits its signal on only one CDMA channel with a processing gain that varies inversely proportional to the user information bit rate. The other is a multicode transmission scheme [11] - [14] . With the multicode transmission scheme, a high-rate data stream is first split into several fixed low-rate streams. The multiple data streams are spread by different short codes with the same chip rate and are added together. Multiple short codes for one high-rate call should be orthogonal over an information bit interval to reduce the intercode interference. A random scrambling long pseudonoise (PN) code common to all parallel short code channels can be applied after spreading. The long PN code does not affect any orthogonality property between the parallel channels, but makes the transmission performance independent of the time-shifted auto-and cross-correlation properties of the spreading codes, which is one of the distinguished features of concatenated orthogonal/PN spreading sequences [14] .
In this paper, we are concerned with the capacities of single-code and multicode DS-CDMA systems accommodating multiclass services, on which call admission criteria can be based. Gilhousen [15] developed the expression for the number of accepted voice calls in order to represent the capacity of CDMA systems. Liu [16] proposed call admission control algorithms based on the measured signal-to-interference ratio for dynamically changing multiple-cell CDMA systems where only voice calls are accommodated. Yang [17] derived admission policies for integrated voice and data traffic in packet radio DS-CDMA networks. Evans [18] reported some results on capacities of multiple-service DS-CDMA cellular networks. However, he neglected background noise and put the target signal in the interference. Liu [13] presented a power allocation method and a constraint on the number of accepted calls of each class in the multicode DS-CDMA system. However, he assumed that the required signal-to-interference ratio is equal for all services. In this paper, the capacities are presented as the necessary and sufficient conditions for the requirement of the bit energy-to-interference power spectral density ratio in DS-CDMA systems accommodating multiclass services in multipath fading channels.
The rest of this paper is organized as follows. In Section II, we describe the system model and briefly review the capacity of a DS-CDMA system accommodating only voice calls. We derive the capacities of single-code and multicode DS-CDMA systems accommodating multiclass services in a single-cell environment without background noise in Section III and with background noise in Section IV. In Section V, we give numerical examples and discuss the effect of multipath fading on capacities, including comparison between the single-code system and the multicode system. In Section VI, we derive capacities in a dynamic multiple-cell environment, given the intercell interference from the outer cells. We draw conclusions in Section VII.
II. PRELIMINARY
A. System Description
We consider only the reverse link because it is far more critical to total capacity than the forward link. The capacity in 0018-9545/99$10.00 © 1999 IEEE CDMA systems is limited by interference. Given the number of accepted calls of each class, all powers of the same class calls received by a base station are assumed to be made equal and constant through a perfect power control. For a measure of QoS in the DS-CDMA system accommodating only voice calls, we define the bit energy-to-interference power spectral density ratio as (1) where denotes the total number of mobile terminals transmitting simultaneously, the information bit rate, the chip rate of the spreading sequence, the processing gain, the received power of a call, the information bit energy, and the two-sided power spectral density of additive white Gaussian noise (AWGN). The definition of (1) is motivated by the fact that the bit error rate is approximately given by BER Q where Q , when coherent detection and asynchronous transmission among multiple user terminals are used in AWGN channels [19] - [21] . In (1), we assume a rectangular chip pulse, from which the coefficient results: see [22, eq. (29)]. For the DS-CDMA systems supporting multirate services, (1) can be readily modified as follows. We assume that there are service classes with each information bit rate which is an integer multiple of the basic rate . When multiple codes are used to transmit high-rate information, the information bit rate of the th class call is given by where is the number of codes for transmitting the th class call. Suppose that calls of the th class are connected to a base station. Then, in the single-code DS-CDMA system having a variable processing gain, the bit energy-to-interference power spectral density ratio of the th class call can be given by [10] ( 2) where is the received power of the th class call at the base station. In the multicode DS-CDMA system, the bit energy-to-interference power spectral density ratio of each code of the th class call can be given by [13] (3) where is the received power of each code of the th class call. A code does not interfere with the others in the same multicode call because of the orthogonality property [13] , [14] .
Next we consider a frequency-selective Rician fading multipath channel which is modeled as a wide-sense-stationary uncorrelated scattering (WSSUS) channel. If is the input to the WSSUS channel, then the corresponding output is given by [23] where is the AWGN term, and
Here, is the transmission coefficient for the fading channel and is a zero-mean complex Gaussian random process. The covariance function for the fading process in the WSSUS channel E is assumed to be zero for where is the chip duration and is assumed to be less than the minimum of the processing gain. For a frequency-selective Rician fading channel, using the result of [23] , (2) and (3) can be modified to (4) and (5), respectively, given at the bottom of the page, where is the processing gain of the th class call in the single-code system, the processing gain of each code of any calls in the multicode system, and depends on the covariance function . In the case of a triangular covariance function, is given by [23] (4)
for , where and . Here, denotes the greatest integer less than . In (4) and (5), and represent the received powers of the nonfaded (specular or line-of-sight) signal components.
B. Capacity of the DS-CDMA System Accommodating Only Voice Calls in Nonfading Channels
Given the required bit energy-to-interference power spectral density ratio by , the constraint on the number of accepted calls can be given by S / R or (6) Equation (6) represents the capacity.
III. SINGLE-CELL ENVIRONMENT WITHOUT BACKGROUND NOISE
We first introduce a lemma and a proposition which will be used to determine the capacities of DS-CDMA systems accommodating multirate services in a single-cell environment without background noise.
Lemma 1): Let be positive real numbers and nonnegative integers. We assume there exists some such that . Then, the following statements are equivalent.
i) There exists a set of positive such that (7) ii) There exists a set of positive such that (8) and (9) Proof:
: Let satisfy (7). Choose for every . Then and Therefore, satisfy (8) and (9).
: It is trivial since (8) and (9) Proof: It can be proved as in Proposition 1, if " " and " " are replaced by " " and " ," respectively. Corollary 1 will be used for proof of Proposition 2 in Section IV.
We assume that the required bit energy-to-interference power spectral density ratio of the th class call is set to be .
A. Single-Code DS-CDMA System
The requirement of the bit energy-to-interference power spectral density ratio for the th class call is written as (11) for . Equation (11) can be rewritten as (12) From Proposition 1, the constraint on for satisfying (12) is given by (13)
B. Multicode DS-CDMA System
The requirement of the bit energy-to-interference power spectral density ratio for each code of the th class call is written as (14) for . Equation (14) can be rewritten as (15) From Proposition 1, the constraint on for satisfying (15) is given by (16) IV. SINGLE-CELL ENVIRONMENT WITH BACKGROUND NOISE We introduce two lemmas and a proposition to derive capacities considering background noise.
Lemma 2): Let be positive real numbers, a positive real number, and nonnegative integers. We assume there exists some such that . Then, the following statements are equivalent:
i) There exists a set of positive such that (17) ii) There exists a set of positive such that (18) 
A. Single-Code DS-CDMA System
If background noise is considered, the requirement of the bit energy-to-interference power spectral density ratio for the th class call in the single-code system is written as shown in (23), given at the bottom of the page, for . Equation (23) can be rewritten as Given the maximally receivable power of the nonfaded component of the th class call by , the constraint on is, from Proposition 2, given by (24) and , where
B. Multicode DS-CDMA System
In the multicode system with background noise, the requirement of the bit energy-to-interference power spectral density ratio for each code of the th class call is written as (23) for . Given the maximally receivable power of the nonfaded component of each code of the th class call by , the constraint on is, from Proposition 2, given by (25) and , where
C. Optimal Received Power
The optimal received power is defined as the received power causing the least interference to other signals while maintaining the acceptable bit energy-to-interference power spectral density ratio. Lemma 3 states that the optimal received power of the nonfaded component of the th class call in the single-code DS-CDMA system is given by for and that the optimal received power of the nonfaded component of each code of the th class call in the multicode DS-CDMA system is given by for .
V. DISCUSSION
We define the normalized bandwidth of the th class call in the single-code system and the multicode system as and Table I , where we refer to [24] for the acceptable maximum bit error rates. We assume that
Mcps, mW/Hz, the covariance function of the fading process has a triangular form, and the maximally receivable power of the nonfaded component of a call of any class is mW in both the single-code system and the multicode system (that is, mW). The number of codes for each call of voice, facsimile, and low-resolution video services is assumed to be one, two, and four, respectively, in the multicode system. Figs. 1 and 2 show the normalized bandwidth of a call of each service class according to various transmission coefficients for the fading channel and correlation duration coefficients , respectively. From Fig. 1 , we can observe that without multipath fading the normalized bandwidth is identical in both single-code and multicode systems. However, when multipath fading is considered , the normalized bandwidth of a multirate call (facsimile or lowresolution video) in the multicode system is smaller than that in the single-code system. From Fig. 2 , we can notice that as is smaller, the normalized bandwidth is larger. This results from the fact that a small reduces the smoothing effect of the correlation receiver on the diffused portion of the received signal and degrades , as noted in [23] . Fig . 3 shows the normalized bandwidth according to various information bit rates, when only one service is accommodated. We can see that as the information bit rate increases, difference between the normalized bandwidth in the single-code system and that in the multicode system is larger. This suggests the advantage of the multicode system with a higher processing gain over the single-code system with a lower processing gain in terms of capacity.
VI. MULTIPLE-CELL ENVIRONMENT
Thus far, we have examined capacity in a single-cell environment. We now deal with capacity in a multiple-cell environment. Under a dynamic multiple-cell environment, the capacity depends on interference from outer cells. We derive the capacity, given the interference from outer cells.
Let be the intercell interference from outer cells. Then, we can express the requirement of the bit energy-tointerference power spectral density ratio for the th class call in the multiple-cell single-code DS-CDMA system as shown in (26), given at the bottom of the page, for . Equation (26) can be rewritten as (26) for . From Proposition 2, the constraint on is given by (27) and where Equation (27) can be rewritten as or where was defined in Section IV. The optimal received power of the nonfaded component of the th class call in the multiple-cell single-code DS-CDMA system is, by Lemma 3, given by
for .
In a similar way, we can obtain the constraint on and the optimal received power in the multiple-cell multicode DS-CDMA system.
VII. CONCLUSIONS
We determined the capacities of single-code and multicode DS-CDMA systems accommodating multiclass services, by deriving the necessary and sufficient conditions on the number of accepted calls of each class for the requirement of the bit energy-to-interference power spectral density ratio. We also derived the optimal received power of a call of each class. In multipath fading channels, the multicode system was shown to have advantages over the single-code system using a variable processing gain in terms of capacity, while capacities of both systems are identical in nonfading channels.
